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as well as globally (51) . Over the past two decades, severe epidemics of tomato spotted wilt (TSW), including complete crop loss, have frequently occurred on tomato. When epidemics of TSW began occurring in the southern United States during the late 1980s, tomato growers initially responded with applications of broad-spectrum insecticides on a near calendar basis, with up to 12 to 16 applications per season, in attempts to control thrips and TSW. This intensive insecticide regime has been practiced despite research showing that most losses from TSW are the result of primary infections from viruliferous thrips dispersing into crop fields from surrounding vegetation (25, 41) . Recently, integrated approaches that combine the use of ultraviolet reflective mulch, plant systemic acquired resistance inducers, and insecticides have led to reductions in the incidence of TSW in field grown tomatoes (38, 50) . While these programs have been successful, they still rely on expensive inputs that pose environmental concerns, and the use of a limited suite of insecticides poses the risk of developing insecticide resistance. Therefore, there is still a need for alternative tactics that will help to manage thrips and TSW in a sustainable, economical, and environmentally sound manner.
The virus is acquired only by the larval stage of thrips, and virtually all plant-toplant transmission is accomplished by the mobile adult stage (66) . Because TSWV has one of the widest host ranges of any plant pathogen, with over 1,000 host plant species (39) , viruliferous thrips may be produced on a wide range of plants in the vicinity of crop fields (25) and then disperse into crop fields. Viruliferous thrips are able to transmit the virus within a few minutes of feeding on a healthy plant (65) . Because of this vector-virus relationship, most TSW in tomato fields is a result of primary spread of the disease from adult thrips migrating into crop fields (20, 41) . Therefore, a key to managing TSW is to limit movement of viruliferous thrips into crop fields and minimize their feeding on healthy plants.
Eight species of thrips in the genera of Frankliniella and Thrips are recognized as vectors of TSWV (3, 6, 64) . Three of these vectors species, F. occidentalis, F. fusca, and F. bispinosa, commonly infest tomatoes in northern Florida and southern Georgia (48, 50) . Another species, F. tritici, commonly occurs in tomatoes. Although it is not a vector of TSWV (2), its abundance and morphological similarity to the vector species make it a management concern for growers and crop consultants. Because these species of thrips display different population dynamics in agroecosystems (18, 19, 49) , variation in species-specific treatment effects must be assessed in developing any management program.
Many plants produce volatile essential oils that are thought to function as defenses against pathogens and insect herbivores. These naturally occurring substances are known to have a wide range of biological activities, including toxicity and repellency to certain insect pests (28) . Because of these toxic and/or repellent effects, certain essential oils historically have been used as pesticides against stored grain pests and biting flies (8, 29, 37) . Recent work has examined the potential of essential oils to protect crops from pests such as thrips, whiteflies, aphids, caterpillars, and spider mites (10, 12, 14, 26) . Still, widespread commercialization of plant essential oils as crop protectants has lagged, often because critical data on their efficacy and optimal application methods are lacking (27, 61) .
Although applications of essential oils as commercial crop protectants have been limited to date, many of these essential oils are safe to humans and currently are used widely in the food and cosmetic industries. Further, with their low mammalian toxicity and low potential for other negative environmental effects (17, 28) , the use of essential oils as crop protectants is highly appealing. The effects of individual oils or their constituents on specific target pests can differ depending on their particular mode of action (28) . In preliminary labora-tory trials, we have found that geraniol, lemongrass oil, and tea tree oil are highly repellent to F. occidentalis adults (47) . The monoterpene geraniol is a component of the essential oil of numerous plants. Lemongrass oil is steam distilled from Cymbopogon flexuosus (Poaceae) and contains geraniol, although its major constituent is geranial (33) . Tea tree oil is steam distilled from Melaleuca alternifolia (Myrtaceae), and its major component is the terpene terpinen-4-ol (57) . Further studies are needed to establish and optimize their use in the field and enhance their potential for commercial development for specific pests.
Another naturally derived material used as a crop protectant is kaolin, which can be sprayed onto plants, and leaves a whitish particle film residue. The active ingredient in the commercial formulation of kaolin that we used (Surround WP, Engelhard, Iselin, NJ) is a white, hydrophilic aluminosilicate mineral (Al 4 Si 4 O 10 (OH) 8 ). Kaolin-based particle films were developed originally for horticultural applications to reduce heat stress and sunburn damage in fruit trees (21, 23) . It has since been reported to reduce foliar diseases in various crops and suppress some insect pests (22) .
Kaolin may have several modes of action against insect pests. When sprayed on plants, kaolin alters plant color, which may reduce plant apparency to host seeking insects (44) . Kaolin also can increase ultraviolet light reflectance (24) , which has been shown to deter Frankliniella thrips from alighting on plants (34, 58) . The film layer created by kaolin forms a physical barrier to insects that may interfere with insect movement and feeding (31, 42) . Furthermore, feeding and oviposition may be hindered by particles adhering to the insect body (9, 24) .
The potential of using plant essential oils and kaolin for control of TSW has not been investigated before our studies. Our preliminary data (46) led us to hypothesize that kaolin and geraniol, lemongrass oil, and tea tree oil could deter thrips from colonizing and/or feeding on tomato plants and thereby reduce the incidence of TSW in field grown tomatoes.
MATERIALS AND METHODS
Field experiments. Field experiments were conducted at the North Florida Research and Education Center (Quincy, Gadsden Co., FL) during spring of 2005 and 2006. The soil was an Orangeburg loamy fine sand. Plots were moldboard plowed and double disked in early March. Fertilizer was disk-incorporated in the 91cm-wide bed areas at the rate of 218-29-181 kg/ha N-P-K. Raised beds were 10 cm in height and 91.4 cm in width, with 1.83m row spacing and covered with black polyethylene mulch (Pliant, Bloomington, IN), which is the standard mulch for spring tomato crops in north Florida. Plots were fumigated at mulch application with a combination of methyl bromide (67%) and chloropicrin (33%) at 45 g/m 2 .
Tomatoes (cultivar FL-47) were transplanted into the raised beds on 29 March 2005 and 23 March 2006. There was 0.51 m between plants. Plants were irrigated by drip irrigation. Fungicides to control foliar pathogens and Bacillus thuringiensis insecticides to control caterpillar pests were applied as needed to promote good plant growth.
The experimental design for each experiment was a randomized complete block with four replications. Plots consisted of two adjacent beds, each 8.67 m long, for an initial density of 36 plants per plot. All plots were separated by 5.5 m.
Essential oil and kaolin treatments. Treatments were applied in a 5 × 2 factorial arrangement, with 5 essential oil and 2 kaolin treatments. The three plant essential oils, geraniol, lemongrass oil, and tea tree oil (Prima Fleur, San Rafael, CA), were applied at 250 ppm (162.5 ml/ha) twice per week and were compared with a grower standard insecticide treatment and a control treatment. Control plots received a treatment containing 70% ethanol (0.1% vol/vol) and detergent (0.01% vol/vol), which was the base solution for treatments containing the essential oils. In 2005, the grower standard insecticide treatment consisted of applications of spinosad (0.14 kg a.i./ha, Spintor 2SC, Dow Agrosciences, Indianapolis, IN) rotated on a weekly basis with a combination of beta-cyfluthrin (0.025 kg a.i./ha, Baythroid XL, Bayer CropSciences, Research Triangle Park, NC) and endosulfan (0.5 kg a.i./ha, Endosulfan 3EC, Bayer CropSciences). In 2006, endosulfan was omitted from the grower standard treatments.
For plots receiving kaolin, kaolin (Surround WP, BASF, Florham Park, NJ) was mixed with the appropriate essential oil treatment at a rate of 28 kg/ha per week. Foliar applications were made using a 5nozzle tomato boom and backpack, CO 2pressurized at 414 kPa and calibrated at 650 liters/ha. Applications were made from 8 April to 7 June 2005 and from 10 April to 1 June 2006.
Data collection. Incidence of TSW was assessed every 10 days, from transplanting until harvest, by visually inspecting each plant for symptoms of the disease. Diagnostic tests for TSWV (TSWV Immunostrip, Agdia, Elkhart, IN) were performed on 5 to 10 symptomatic plants at each assessment to verify infection. Randomly selected nonsymptomatic plants were also tested on each sample date as negative controls. TSWV-infected plants were marked on each assessment date so that disease progression could be monitored over the course of the season and the area under the disease progress curve (AUDPC) could be determined (11) .
Population densities of thrips were estimated twice weekly by collecting 10 flowers at random from each of the 40 plots in the experiments. Collections were made 2 to 3 days after treatments were applied to plants, with flowers taken from one bed of each plot. Flowers were immediately placed in 70% ethanol and returned to the laboratory for processing. Thrips were extracted from flowers, and adults were sexed and identified to species. The total numbers of thrips larvae were recorded because individuals could not be identified to species.
Mature green and mature fruit were harvested from the center 12 plants on the bed of each plot opposite the bed used for thrips collections on three dates in 2005 and graded to USDA standards (62) . Weights of marketable and unmarketable yields were determined.
Data analysis. TSW incidence was analyzed using a generalized linear model, based on a binomial distribution with a logit-link function, and PROC GLIMMIX (55) . Specific comparisons among treatment means were made using the least squares means (LSMEANS) option with a Bonferroni correction applied to probability values to account for the number of comparisons made and thus control the overall Type I error rate (α = 0.05). AUDPC was analyzed using a mixed linear model (PROC MIXED, 54), with means separated as above.
To account for sampling from the same plots over time, a repeated measures randomized complete block ANOVA was used (PROC MIXED, 54) to analyze the abundance of thrips. Thrips counts were either logarithmic or square root transformed before analysis to help meet the assumptions of normality and independent variances for the ANOVA (56) .
A mean weight of marketable fruit per plant was calculated for each treatment plot, and these weights were subjected to ANOVA (PROC MIXED). An estimate of the weight of marketable fruit on a per hectare basis was made based on an initial plant density of 10,764 plants per hectare minus the proportion of TSWV-infected plants because diseased plants do not produce marketable fruit. Then the mean total weight of fruit per plant was multiplied by remaining number of healthy plants. These values were log transformed before analysis by ANOVA (PROC MIXED), and means compared as described above.
RESULTS
Treatment effects on incidence of TSW. All symptomatic plants tested positive for TSWV by Immunostrip assays, and none of the nonsymptomatic plants tested were positive. Although high levels of TSW were recorded in 2005, even higher levels occurred in 2006 ( Fig. 1 ). In 2005, disease incidence increased substantially over time, with treatment differences evident by the third disease assessment date (23 May) ( Fig. 1A and B ). There was no significant interaction between the essential oil treatments and kaolin (Table 1) . For the essential oil main effect, there were significant differences among the five treatments, with grower standard having the lowest level of TSW. Kaolin led to a significant reduction in TSW incidence. Although there was not a significant interaction between the essential oil treatments and kaolin, the addition of kaolin led to significantly lower incidence of TSW for all of the essential oil treatments (P < 0.05 LSMeans t tests) except for the grower standard.
The analysis of AUDPC gave results similar to the final disease incidence analyses. Overall, AUDPC was >30% lower with kaolin than without kaolin. Lemongrass oil and tea tree oil had significantly lower AUDPCs when applied with kaolin than without kaolin (P < 0.05). Those combined treatments performed as well as the grower standard, suggesting that these materials do have beneficial properties for TSW management.
Disease pressure was much higher in 2006 than in 2005, but similar patterns emerged (Fig. 1) . On all disease assessment dates in 2006, TSW was lower for treatments with kaolin than for treatments without kaolin ( Table 2 , Fig. 1C and D) . There were significant differences among the essential oil treatments, with the tea tree oil and grower standard having the lowest levels of TSW. Overall, the lowest levels of TSW were in the tea tree oil plus kaolin and the two grower standard treatments (i.e., with and without kaolin) ( Table 2 ). AUDPC was approximately 25% lower overall with kaolin than without kaolin, and each of the 5 essential oil treatments had significantly lower AUDPC with kaolin than the corresponding treatment without kaolin (P < 0.05). Treatment effects on thrips populations. Thrips populations differed in overall abundance, composition, and timing of peak abundance between years. Based on overall means in the control plots, adult thrips were more abundant in 2005 (66.1 ± 10.2 per sample) than in 2006 (53.2 ± 8.4). In both years, F. tritici was the dominant species, but that species changed from comprising over 94% of the adults collected in 2005 to comprising just 80% in 2006. The three species capable of vectoring TSWV (F. occidentalis, F. fusca, F. bispinosa) were more abundant in 2006, the season with more TSW, with a total mean of 8.9 ± 0.9 across all control samples, than in 2005 when there was a mean of 2.8 ± 0.4 per control sample. Adult populations of these thrips species also peaked 1 to 2 weeks earlier in 2006 than in 2005 ( Figs. 2 and 3 ). More importantly, each of the four Frankliniella spp. showed species-specific responses to the different essential oil and kaolin treatments.
Over the entire 2005 season, there was a significant essential oil treatment × kaolin treatment interaction on the abundance of F. tritici (Table 3 ). This interaction indicates that the response of F. tritici populations to the 5 essential oil treatments changed according to whether kaolin was applied or not. The interaction was primarily a result of the grower standard having an opposite response than the essential oils and untreated control. For those 4 treatments, the addition of kaolin resulted in significantly lower F. tritici abundance (P < 0.005 for each pairwise comparison). The reduction in F. tritici ranged from 31 to 50% in each treatment. In contrast, F. tritici populations were significantly higher in the grower standard insecticide treatment with kaolin (57.6 + 2.3, averaged over all sample dates) than without kaolin (36.8 + 1.9, P < 0.0001). This represents a 58% increase in abundance of F. tritici with kaolin in the grower standard. This increase in F. tritici abundance in the grower standard with kaolin also meant that the essential oils with kaolin preformed as well as or better than the grower standard with kaolin in terms of managing F. tritici (Fig. 2) . In 2006, kaolin by itself (comparing control versus control + kaolin) or with insecticides (grower standard versus grower standard + kaolin) did not have an effect on F. tritici populations (P > 0.05). However, for each of the essential oils, the presence of kaolin significantly reduced the numbers of F. tritici adults (P < 0.05 for each pairwise comparison).
F. occidentalis was the most abundant TSWV vector species in both 2005 and 2006. It comprised 67% of the vector species adults collected in 2005 and 89% in 2006 ( Figs. 2 and 3) . In 2005, the essential oil and kaolin treatments did not significantly affect F. occidentalis populations (Table 3, Fig. 2) . However in 2006, there were significant differences among the essential oil treatments (Table 4, Fig. 3) . The lowest F. occidentalis populations were found in the grower standard treatments, but these were not significantly lower than populations in the tea tree oil treatments.
F. bispinosa populations showed significant differences among the essential oil treatments in both years of the study (Tables 3 and 4, Figs. 2 and 3) . The overall abundance of F. bispinosa was about 60% higher in 2006 than in 2005. In 2005, the lowest levels of F. bispinosa were in the control, although these levels were not significantly different from those found in the geraniol, lemongrass, and tea tree oil treatments. In contrast, the grower standard had significantly higher levels of F. bispinosa than the control. In 2006, the pattern differed among the essential oil treatments, with the grower standard and tea tree oil treatments having significantly lower levels of F. bispinosa compared with the three other treatments. Populations of F. bispinosa were not affected by kaolin treatments in either year (Tables 3 and 4 ).
The abundance of F. fusca was not affected by any of the essential oil treatments or the grower standard insecticide treatment in either 2005 or 2006 (Tables 3  and 4 , Figs. 2 and 3 ). However, populations of F. fusca were significantly higher with kaolin than without kaolin. In both years, the overall abundance of F. fusca in kaolin treatments was approximately twice the abundance as without kaolin.
As with populations of adult thrips, the populations of Frankliniella spp. larvae changed over the course of each season as well as between seasons (Tables 3 and 4 , Fig. 4 ). Larval populations also tended to peak earlier in 2006 than in 2005. The abundance of Frankliniella spp. larvae was significantly affected by the essential oil treatments in both 2005 and 2006. The primary difference was that larval populations were significantly lower in the grower standard treatments compared with the other essential oil treatments (Fig. 4) . Kaolin did not affect the abundance of larval thrips.
Treatment effects on tomato yield. In 2005, total marketable yield was significantly affected both by the essential oil and kaolin treatments ( Table 1 ). The grower standard treatments had the highest yields on a per hectare basis, but these were not significantly greater than the tea tree oil plus kaolin treatment. Overall, kaolin significantly improved yield. Neither the essential oil nor kaolin treatments affected the yield per plant (P > 0.05 for all tests), indicating that differences in total yield on an area basis were largely from treatments affecting the number of healthy, harvestable plants rather than the treatments affecting individual plant physiology. Because of the high levels of disease for all treatments in 2006, yield determinations could not be made.
DISCUSSION
Little detailed information exists for the effects of essential oils and kaolin on populations of thrips or the incidence of TSW. Our results show that the combination of essential oils and kaolin, especially tea tree oil, can significantly reduce the incidence of TSW. Tea tree oil plus kaolin was as effective as standard broad spectrum insecticides on the incidence of TSW and yield of field grown tomatoes. Although the essential oils combined with kaolin had positive effects on the incidence of TSW, there were no clear relationships between treatments and populations of the thrips vectors of TSWV. Certain plant essential oils and their constituents have been shown to be repellent to F. occidentalis in laboratory assays (35; S. Reitz, G. Maiorino, A. Crescenzi, and M. T. Momol, unpublished) , but their effectiveness in field situations has not been clearly demonstrated previously. Van Tol et al. (63) did conclude that the essential oil from Origanum majorana repelled Thrips tabaci from white sticky traps in a small scale field trial but that tea tree oil did not. However it may not be possible to generalize the effects on one thrips species to ef- fects on other species, as opposite responses to the same plant volatiles have been observed for T. tabaci and F. occidentalis (16) .
The strong repellent properties of geraniol, lemongrass oil, and tea tree oil that we have observed in laboratory assays suggested that field applications may reduce the abundance of thrips in tomatoes. Although our results did not show a clear effect of the essential oils on the thrips populations, the final disease incidence suggests that the essential oils that we tested have activity against vector thrips when applied with kaolin. Essential oils tend to have high volatility and thus poten- tially limited persistence under field conditions (29) . Mass flights of thrips into tomato fields repeatedly occur in the spring (53) . Thus, sampling for thrips 2 to 3 days after treatment applications may not have detected shorter term deterrent or antifeedant effects of the essential oils on thrips.
Rates of TSWV infection were consistently lower with kaolin than without kaolin. This was despite the fact that overall mean numbers of vector species adults were similar between kaolin and no kaolin treatments in both 2005 and 2006. Although other vectors of plant pathogens have been successfully reduced by kaolin treatments (4, (43) (44) (45) 60) , kaolin treatments have not always effectively reduced insect vectors of plant diseases (reviewed in 22).
Based on overall populations, F. occidentalis was the most important vector present in our system. F. fusca, which had significantly higher populations in the kaolin treated plots, was the second most abundant vector species. We suspect that kaolin interfered with thrips feeding behavior and transmission of TSWV, so that although kaolin did not lead to a reduction in the overall abundance of vector species adults, it did reduce the incidence of TSW. Previous research has shown that other types of film coatings (e.g., oil based or silicone sprays) can reduce feeding and ultimately virus transmission by F. occidentalis in laboratory tests (1). Liu and Trumble (36) showed that kaolin reduces feeding activity of Bactericerca cockerelli and increases the amount of time it spends grooming and resting. However, kaolin did not result in greater locomotor activity of B. cockerelli or time spent off the host plant. Therefore, kaolin may not directly affect observed insect populations while still interfering with disease transmission.
Kaolin has been shown to reduce the incidence of Beet curly top virus, a curtovirus, which is transmitted by the beet leafhopper Circulifer tenellus (15) . Although Creamer et al. (15) did not report effects on numbers of beet leafhoppers, disease incidence was reduced by as much as 16%. Similar to our findings, they found that kaolin did not affect yield per plant, but differences in numbers of harvestable plants led to differences in total yield. Feeding on kaolin treated plants induces significant mortality in Homalodisca virtripennis, the most important vector of Xylella fastidiosus, the causal agent of Pierce's disease (60) . This mortality has resulted in lower levels of Pierce's disease in grapevines. Evidently, the ability of kaolin to affect insect vectors is species specific, and these interspecific differences must be evaluated when considering using kaolin in a pest management program.
We found that adults of the vector species were much more abundant in 2006 than in 2005, and importantly, these vector species peaked earlier in 2006 than in 2005. Clearly, the higher populations were important in causing greater disease incidence in 2006. In addition, the difference in temporal dynamics may have been a contributing factor in the much higher levels of TSW in 2006, as younger plants are often more susceptible to infection than are older plants (7, 40) . As populations declined, the rate of new infections declined in 2006, which was opposite the pattern in 2005, where rates of new infections increased later in the season.
Although standard insecticides may not suppress TSW because of repeated immigration of vectors into fields, growers still make applications to minimize the risk of secondary spread of TSW from thrips reproducing within crop fields. However, the lack of subsequent secondary peaks in the abundance of adults following larval peaks indicates that successful reproduction of thrips within tomatoes was low, and therefore secondary spread of TSW from within fields was not significant. These results and those from other studies of thrips reproduction in tomato (13, 48) suggest that the use of essential oils and kaolin in lieu of standard insecticides would not pose a greater risk for secondary spread of TSW.
In this study, we sought to integrate the use of two types of naturally occurring crop protectants, kaolin particle film coatings and plant essential oils, into a more environmentally benign and sustainable management program for tomatoes. Certain essential oils can suppress other foliar tomato pathogens (30, 32, 67) . Likewise, kaolin can reduce foliar pathogens in certain crops (24, 59) , and it can reduce sunburn damage in tomatoes (52) . Therefore, plant essential oils and kaolin used for thrips and TSW management may have additional benefits in tomato production. Understanding the effects of novel management tools on plant health, vigor and yield are particularly valuable when planning cost effective programs for high input crops such as tomato.
The results of our field studies show that TSWV continues to be a severe problem facing tomato production in the southern United States. Several management tactics, such as ultraviolet reflective mulches, systemic acquired resistance inducers, and host plant tolerance and resistance, have shown promise in limiting TSW in field grown tomatoes (38, 50) . Yet no single management tactic has proven to be com- pletely successful in suppressing TSW. The combination of kaolin and tea tree oil offers another potential tactic for mitigating losses from this pathogen and maintaining yield in a manner that is less environmentally disruptive than the use of broad spectrum insecticides. The potential ancillary benefits and low cost of these materials suggest they could be incorporated into tomato production systems. Further research to improve the efficacy of these materials is warranted to determine their applicability in tomato production.
